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ABSTRACT

.L Oxygen consumption can be difficult and time consuming to measure.

At the present time there does not exist an accurate method of estimating

oxygen consumption during exercise at varying workloads. This study

examined the relationship between minute ventilation and oxygen consum-

ption and from the results generated a nomogram which can be used to

accurately estimate oxygen consumption from minute ventilation in

normal athletic male subje-.s. It was also determined that although

a positive smoking history did not effect the accuracy of this estimate

such a history adversely effects the ability to predict maximal oxygen

consumption fram heart rate at sub-maximal work rates.
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A Nomogram for Calculation of Oxygen Consiumption from
Minute Ventilation at Varying Workloads-

T. S. Neuman and K. M. Mobser

Exercise testing is frequently employed to evaluate diff-erent aspects

of cardiopulmonary function (1). One of the principal measurements

used to quantify response to exercise is the oxygen consumption.

The direct measurement of oxygen consumption is time consuming and

cumbersome. Unfortunately, no reliable indirect method for estimating

oxygen consumption during exercise is now available. Minute ventilation

has been shown to correlate highly with oxygen consump~tion at a given

workload and during recovery from that workload (2). Previous reports

also have noted a relationship between heart rate (HR) and oxygenI

consumption (3, 4, 5), and between minute ventilation and oxygen

consumption (6, 7). Unfortunately stati. cal analyses have notA

been performed to assess whether oxygen consumption can accurately be

estimated from HIR or minute ventilation throughout graded workloads.

This study was undertaken to determine whether HR and/or minute venti-

lation can be used to accurately predict oxygen consu~mption in well-

trained, normal athletic subjects.

MEIVODS

Subjects. Sixty well-trained athletic male subjects, (age 19-34

years, mean = 28 + 5.0 s.d; weight 58.5 - 102.5 kg, mean - 78.4 +

10.4 kg; height 162-200 can, mean -179 + 7.4 cn), who volunteered for

this experiment were studied. 34 were non-smokers (less than one-half

pack per year per lifetime); 16 were smokers; and smoking history was

not available in 10. Informed consent was cbtained from all of the

F subjects.
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Design. To eliminate the possibility of occult lung disease, routine

spirometry was initially performed. This consisted of the measurement

of standard flows and volumes: maximal mid expiratory flow (44EF),

forced expiratory volume on 1 second (FEV1), vital capacity (VC),

inspiratory reserve volume (IRV), and forced vital capacity (FVC).

Functional residual capacity (FRC), residual volume (RV), total lung

capacity (TLC), and airway resistance (RAW) were measured in a Collins

variable pressure body plethysmograph. All subjects were additionally

screened for the presence of any cardiorespiratory symptoms.

Following this evaluation the subjects completed a regimen of

graded exercise (Astrand) (8) on a Collins bicycle ergometer with

continuous electrocardiographic monitoring. The subjects (pedalling

&t SO cpm) performed at the following workloads in sequence or until

they were exhausted: 50, 100, 125, 150, 175, 200, 250, 300, 350, and

400 watts. The subjects exercised for a total of S mibutes at workloads

of 5O through 200 watts and for 3 minutes at 250 to 400 watts. A 1S

minute rest interval was allowed in between each work period. Expired

gases were collected during the last minute of exercise although gas

collections were shortened during the final workload to 30 seconds
i necessary (due to large VE). The expired gases were collected

using a Collins triple valve and low recistance tubing. The volume

of the expired gas was measured in a Tissot bell. FCO2 and FE02

were measured on a Goddart NV capnograph and Beckman E2 oxygen analyzer,

respectively, from aliquots of the mixed expired gas. Verification was

accomplished with standard calibration gases and an IL 113 pH and gas

analyzer. Oxygen consumption was calculated at STPD and correlated with
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HR (obtained from the exercise electrocardiogram) and minute ventilation.

VO2 was plotted against HR and VE Oxygen constmption and ii were expressed

as liters/min, mi/kg/min, ml/meter/min, and ml/m 2/min. HR was expressed

as beats per minute and percentage of age adjusted maximum, (calculated

both from 200 - age and 210 - .85 times age). These results were then

plotted normally and semilogarithmically. Correlations between V0 2 and the

two mcasures of HR were computed and the mean square errors of prediction

for the smokers and non-smokers contcrasted by a one way analysis of vari-

ance. A t-test for comparison of correlated correlations was used to

contrast HR - V 2 and - V02 correlations and a z-test between pairs

of correlations was used to contrast the correlations between the smokers

and non-smokers. (Both of these methods require a Fischer Z transformation

of the correlation coefficient) (17).

RFS•LTS

The preliminary pulmonary function testing revealed that the subjects

were all normal as judged by the measured parameters. There were no

statistically significant differences between smokers and non-smokers

and multiple regression analysis did not indicate any combination of

factors that differentiated smokers from non-smokers. Correlation

coefficients between V0 vs and V0 vS-2 vsVtE 2s I•wr hs hn 2

and VE were expressed in ml/kg/min and when HR was expressed in txats

per minute.

The relationship of VE (ml/kg/min) to V02 (ml/kg/min), plotted

normally, resulted in a correlation coefficient of .936 (p -1 105;

when plotted semilogarithmically, the r was 0.959 (p < 10-S).

For the relationship of HR (beats/min) to V02m/gmn) lte2,

L!
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normally, the correlation coefficient was 0.817 (p < 10"); when plotted

-Ssemilogarithmically, r was 0.806 (p < 10").

When smokers and non-smokers are analyzed separately for the individ-

uals on whom data are available (n-50), the correlation coefficients for

the relationship between VE and V02 were not significantly different

(r - .947 and .954 for smokers and non-smokers respectively). Separating

smokers and non-smokers the plot of HR vs V02 results in a correlation

coefficient of .828 for the smokers and .853 for non-smokers: thus the

correlation coefficient for VE vs V02 is significantly higher than that

for HR vs i2 for both smokers (t - 7.54, p < 10") and non-sokers

(t - 10.15, p < 106). Although not statistically significant, the

slope of the plot of HR and V02 in the smokers is higher (m - 2.15)

than in the non-smokers (m - 2.02), indicating that the mean HR of

smokers is higher than non-smokers during submaximal exercise for any

'IO02•

Fig. 2 is a nomogramn prepared from the data in Fig. 1 which can be

(Figs. used to estimate V02 based upon measurements of weight and minute venti-
1 2
about lation at any workload. If comparisons are made between actual io and
here)

predicted V02 the standard error of the estimate (prediction)is 4.08

ml/kg/min using VE and 7.47 using HR. ThUS there is almost two-fold

reduction in the error obtained if YE is used to estimate V02 .

DISCUSSION

These results confirm previous reports that V 2 and minute ventilation

are highly correlated (6, 7). It has been recognized that the linear

nature of this relationship at low workloads deteriorates at higher

workloads (9). By normalizing the measured parameters (of V02 and VE
2 I
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to body weight) and by plotting them in a semilog fashion, the relation-

ship now accuately predicts V02 at any level of exercise in the test

group. It mzst be emphasized that the test group consists of well-trained

athleti.c men aged 19-34; before these data are extrapolated to other groups,

verification of their validity in those groups would be necessary. Of

note, however, is smokers and non-smokers were included within the test

group. Smoking history did not influence the relationship between

and V02 , but the correlation of HR and V02 increased from .817 in the

whole group to .853 in the non-smokers. This implies that smoking might

somehow effect the HR response to exercise; since the slope of HR vs o02

is higher in smokers than non-smokers, it indicates that, during submax-

imal exercise, the mean HR of smokers is higher than non-smokers. This
has been suggested by previous work (10, 11). These differences cannot
easily be explained by broncho-pulmonary disease, as pulmonary function

testing and clinical screening did not reveal the presence of any

pathology.

Although maximal cxygen consumption does not change in normals who

smoke (10, 11, 12, 13), HR at submaximal exercise may. Thus previous

studies that use HR during submaximal exercise to extrapolate to

maximal oxygen consuznption should be re-examined so that the effect

of smoking history is considered.

We have shown that minute ventilation is capable of predicting oxygen

consuuPtion extremely accurately at a given workload. As a result,

measured HR, and oxygen consumption estimated from minute ventilation

at that workload, can be used to predict maximal oxygen consumption

from already published nomogrrns (14, 15). Additionally, oxygen con-

sumption can be easily estimated at more than one workload allowing a

'1
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more accurate extrapolation to maximal oxygen zonsumption than can be

obtained from a single workload measurement (16), although as suggested

by our results the possible effects of smoking still need to be evaluated.

In conclusion, we have made the observation thatV. correlates highly

with V02 in normal athletic males irrespective of smoking history and
we have constructed a nomogram that can be used to predict '02 from 'B

during exercise for this group. Singlt or multiple determinations of

VE can then be used to predict maximum oxygen consumption without
measuring V. Furthermore, we conclude that the correlation of

and HR may be influenced by smoking mid as a result suggest that studo,',

noting the influence of smoking on prediction of maximal aerobic capacity
be perfformed.

:1 j
I_

I2

Ii



Neuman and Moser

8

REFERENCES

1. ,ASSE1AI4, K., 9D B. NtlPP. Exercise Physiology in Health and

Disease: State of the Art. ARRD 112:219, 1975.

2. GIRANMIA, R., F. KATCH, Am F. HENRY. Prediction of oxygen intake

and work capacity from heart rate during heavy exercise. Res. gLan.

42(4) :3629 1901.

3. ASnAIN, P., T. (JUDY, B. SALTIN, MD J. STENBERG. Cardiac output

during submaximal and maximal work. J. Apl. Physiol. 19(2):268, 1964.

4. HEBRMA , L., B. EKBILC, mD B. SALTIN. Cardiac output durikg sub-

maximal and maximal treadmill and bicycle exercise. J. Appl. Physiol.

29(1):82, 1970.

S. EKBID4, B., A. GOIDBARG, A. KILBCI , Am P. ASTRAND. Effects of

atropine and propanolol on the oxygen transport system during

exercise in man. Scan. J. Clin. Lab. Invest. 30:35, 1972.
6. WASS5MA, K., B. *IIPP, S. KOYAL, aND W. BEAVER. Anerobic thresh-

hold and respiratory gas exchange during exercise. J. Appl. Physiol.

35(2):236, 1973.

7. WASSERMAN, K., A. VAN KESSEL, mm G. BURTODN. Interaction of physio-

logical mewnumisms during exercise. J. Appi. Physiol. 22(1):71, 1967.

8. ASTRAN, I., P. ASTRAN9, AD K. ROIIAHL. Maximal heart rate during

work in older men. J. Appl. Physiol. 14(4):562, 1959.

9. SALTIN, B., mw P. ASTRAN. Maximal oxygen uptake in athletes.

J. Appl. Physiol. 23(3):3353, 1967.

10. EKBLW4, B., AND R. HUOT. Response to submaximal and maximal exercise

at different levels of carboxyhemoglobin. Acta Physiol. Scan.

86(4):474, 1972.

Ll



Neuman and Nbser

9

11. G.LINE, J., P. RAVEN, S. HORVATH, B. DRINKKWTE•, An J. 0ON40R SUM.

Man's physiologic resixmse to long term wirk during thermal and

pollutant stress. J. Appi. Physiol. 39(4):628, 1975.

12. RAVEN, P., B. UUINXIAER, S. HORVATH, R. RUHLING, J. GLINE, J. SUTIt, AmD

N. BOLIIIAN. Age, smoking habits, heat stress, and their interactive

effects with carbon monoxide and peroxyacetylnitrate on man's aerobic

power. Int. J. Biometeor. 18(3):222, 1974.

13. RNKlMTER, B., P. RAVEN, S. HORVATH, J. GLINER, R. RUHLING, I
N. BaLWIAN, AND S. TAGUCHI. Air pollution, exercise, and heat I
stress. Arch. Environ. Health 28:177, 1974.

14. ASIRAND, P., Nmm I. RYHKIN. A nomogram for calculation of aerobic ]
capacity from pulse rate during suboaximal work. J. Appl. Physiol.

7:218, 1954.

15. TBLASLINA, P., A. IS4AIL, Am D. iC LBOD. Newgram by Astrand and I
Rylning as a predictor of maximum oxygen intake. J. Appl. Physiol.

21(2):513, 1966.

16. MARGARIA, R., P. AGHf), aD E. ROVELLI. Indirect determination of

maximal oxygen consumption in man. J. Appl. Physiol. 20(5):1070, 1965.

17. WC NEMAR, Q. Psychological Statistics. New York; Wiley 4 Sons,

1962, 3rd Ed.

r2



rue
1 s

0 O

6 0 04

fu r4
so to

* fS

.5 5

NO 0

S*O %oftim.

55 0 4

ft ft*qu

* (M N S

0 55 5

ry NO N
55000

0. NO 0
fl 0 N 0 0 *

*me S 0

'0~~~~ S N VC 0aftn.vNoC4 C
C'4* S554

*/u IA 54 N



VE vo2

P"/kg/min mI/kg/mln
-"60

2500 60
2400
2300

2200

2100 5
2000

1900

1800

1700

Weight VE 1600 s

kg Ibs I/r0in0 1SO
200 190 1400oI

120 260 180 170

"250 160 I50 1300 U

110 '-t40 140 130 1200230 120 •
100 220 110-210 100 1 4
90 200 90

190
80o 180 80 1000--170 7

"T-160 70
70 -150 60

140 35
60 130 50 m

125 40

55 120 700 30
30

115
600

50 110 20 25

500-

20

- 10 400

15

10 1
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